Computational identification of ribosomal frameshift sites in genomic sequences is difficult due to their diverse nature, yet it provides useful information for understanding the underlying mechanisms and discovering new genes. We have developed an algorithm that searches entire genomic or mRNA sequences for frameshifting sites, and implements the algorithm as a web-based program called FSFinder (Frameshift Signal Finder). The current version of FSFinder is capable of finding -1 frameshift sites on heptamer sequences X XXY YYZ, and 11 frameshift sites for two genes: protein chain release factor B (prfB) and ornithine decarboxylase antizyme (oaz). We tested FSFinder on $190 genomic and partial DNA sequences from a number of organisms and found that it predicted frameshift sites efficiently and with greater sensitivity and specificity than existing approaches. It has improved sensitivity because it considers many known components of a frameshifting cassette and searches these components on both + and -strands, and its specificity is increased because it focuses on overlapping regions of open reading frames and prioritizes candidate frameshift sites. FSFinder is useful for discovering unknown genes that utilize alternative decoding, as well as for analyzing frameshift sites. It is freely accessible at http://wilab.inha.ac.kr/FSFinder/.
INTRODUCTION
Programmed ribosomal frameshifting is involved in the expression of certain genes in a wide range of organisms such as viruses, bacteria and eukaryotes including humans (1) (2) (3) (4) (5) . In this process, the ribosome switches to an alternative frame at a specific site in response to special signals in the messenger RNA (4) . Programmed frameshifting plays a significant role in morphogenesis, autogenous control and in producing alternative enzymatic activities (6) .
The most common frameshift is a À1 frameshift, in which the ribosome slips a single nucleotide in the upstream direction. The major elements of À1 frameshifting consist of a slippery site, where the ribosome changes reading frames, and a stimulatory RNA structure such as a pseudoknot or a stem-loop located a few nucleotides downstream (4, (6) (7) (8) (9) . It is generally accepted that ribosomes pause at À1 frameshifts, but Kontos et al. (7) report that pausing is not sufficient to mediate frameshifting. Most slippery sites consist of a heptameric sequence of the form X XXY YYZ in the incoming 0-frame (10) , but there are other slippery sequences that do not conform to this motif (5) . The slippery heptamer is separated from the stimulatory structure by a sequence of 5-9 nt, the so-called spacer (3, 8) . The length of the spacer is known to influence the efficiency of frameshifting. Frameshifts typically produce fusion proteins in which the N-and C-terminal domains are encoded by overlapping open reading frames (ORFs) (9) , as shown in Figure 1 .
+1 frameshifts are much less common than À1 frameshifts but have been observed in diverse organisms (6) . Escherichia coli prfB encoding release factor 2 (RF2) is a well-known gene that utilizes +1 frameshifting (11, 12) . In RF2 frameshifting, a Shine-Dalgarno (SD) sequence is often observed upstream of a slippery sequence, normally CUU UGA C and in a single known case CUU UAA C (12) . Several +1 frameshift sites have also been recognized in eukaryotic mRNA. For example, the expression of mammalian antizyme 1 (AZ1) requires a +1 frameshift, and the frameshift signal consists of a slippery sequence and two stimulatory elements-a sequence of unknown function, upstream of the slippery sequence, and a pseudoknot (13) .
Computational identification of frameshift sites from genomic sequences is difficult since the sequence requirements for frameshifting cassettes are diverse and highly dependent on the organism. Several computational approaches have been attempted, but only a few are publicly available. The model for eukaryotic À1 frameshifting developed by Bekaert et al. (8) only considers H-type pseudoknots as stimulatory structures and misses many frameshift sites with other stimulatory structures. Hammell et al. (9) developed a program to identify À1 frameshift sites in prokaryotic and eukaryotic DNA sequences, but the sensitivity of their approach is low; it misses many frameshift sites because it only considers downstream pseudoknots, and its definition of a pseudoknot is too restrictive. For example, their approach does not locate the frameshift sites in Rous sarcoma virus (RSV), because loops 1 and 2 of the pseudoknot are larger than permitted by their approach.
FreqAnalysis developed by Shah et al. (14) is usable to identify simple novel slippery sequences, but it does not take in consideration existence of stimulators. A semi-automated approach by Ivanov et al. (13) finds a gene where antizyme frameshifting is expected to occur and then identifies the frameshift. While this approach has been shown to be successful for identifying ornithine decarboxylase antizyme (oaz) frameshifting, it omits universality. There are also computational approaches that identify frameshifting errors in sequencing when the reference protein sequences are available (15) (16) (17) .
In this paper, we present an algorithm for locating À1 and +1 frameshift sites of certain types in genomic or mRNA sequences. The algorithm is intended to find À1 frameshift sites of X XXY YYZ type in viruses, bacteria and eukaryotes, and considers pseudoknots as well as simple stem-loops as downstream stimulatory structures. It also allows the user to change the stem and loop sizes from their default values. +1 frameshift signals are too diverse among different organisms. Therefore, the algorithm currently finds only those frameshift sites that are conserved among many species, namely frameshift sites used in genes encoding protein chain release factor B (prfB) and ornithine decarboxylase antizyme (oaz). The algorithm has been implemented as a web-based application program called FSFinder (Frameshift Signal Finder), and is accessible at http://wilab.inha.ac.kr/FSFinder/.
COMPUTATIONAL MODEL

Components of frameshift signals
We have modified the computational model for À1 frameshift signals of Hammell et al. (9) to improve its sensitivity and selectivity. Sequences of three codons (9 nt) in a genomic sequence are first examined for possible slippery sequences of the form X XXY YYZ. In this sequence X and Z can be any nucleotide, and Y can be A or U (in Hammell's model, Z is either A, U or C). If a slippery sequence is identified, FSFinder searches for a downstream structure by sliding 4-11 nt along the spacer. Figure 2 shows a programmed À1 frameshift site with a pseudoknot as stimulatory structure. The pseudoknot is of the H-type, in which stem 1 has <13 bp, stem 2 has <6 bp, and both loops of the pseudoknot have <6 nt. The first 4 bp of stem 1 include at least 2 G-C pairs. Some programmed À1 frameshift signals have a simple stem-loop as stimulatory structure. As explained in Figure 3 , we examine the sequence in both directions from every pivot nucleotide for possible base pairing. The pivot nucleotide can be either included in, or excluded from, the base pairing.
Frameshifting can produce longer or shorter proteins than those resulting from standard decoding (4), as shown in Figure 4 . FSFinder currently finds frameshift sites that result in longer products ( Figure 4A ), and ignores those resulting in shorter products ( Figure 4B ), since it focuses on frameshift sites in the overlapping region of ORFs. An exception to this is the E.coli dnaX gene. Although dnaX À1 frameshifting results in a shorter product, FSFinder finds its frameshift site using information about the upstream SD-like sequence (18) . The SD-like sequence is simplified to GGRG or RGGR in the sequence located 9 nt upstream of the slippery sequence.
Since +1 frameshift signals are too diverse to model, we focus on +1 frameshift signals in two of the most common genes known to utilize frameshifting: protein chain release factor B (prfB) encoding release factor 2 (RF2), in prokaryota (12) , and ornithine decarboxylase antizyme (ODC antizyme, oaz), in eukaryota (13) . To detect prfB signals, FSFinder first searches for CUU UGA C or CUU UAA C slippery motifs. It then searches for an SD sequence 3 nt upstream and this sequence is simplified to 5 nt with RGG in the sequence. To detect oaz signals, FSFinder searches for UUU, UCC or CCC codons together with a UGA termination codon, a 3 0 RNA pseudoknot, or both. Figure 5 shows a model of +1 frameshift signals. AUU codon that occurs upstream of UGA in Dugesia japonica antizyme frameshift site was not taken into account Figure 1 . The three components of À1 frameshift signals in the overlap between two ORFs: slippery sequence, spacer and pseudoknot (or stem-loop). When a frameshift takes place, protein synthesis terminates at C rather than at B. Figure 2 . A programmed À1 ribosomal frameshift signal with an H-type pseudoknot. since it is the only known case where such frameshift site is utilized (19) .
Algorithms for predicting frameshift sites
Algorithms 1 and 2 search for stem-loops and canonical base pairs, respectively. When bases of a single-stranded loop pair with complementary bases outside the loop, they are considered to form a pseudoknot (20) . Algorithm 3 finds an overlap of ORFs. This is found as follows: suppose that a pair of ORFs is identified in frame 0 and frame À1, respectively (see Figure 6 ); the start positions of the ORFs are extended from their original start codons to upstream stop codons (positions A and C in Figure 6 ). The extended regions A-B and C-D of the two ORFs partially overlap at their termini if position A of frame À1 is to the left of position D of frame 0 and there exists a start codon in frame 0. FSFinder focuses on frameshift sites in the region of overlap (region E in Figure 6 ).
Implementation
FSFinder has been implemented as a web-based application program using Microsoft C#. It can be executed on a Windows NT/2000/XP system with Microsoft .NET framework installed. Given a DNA or mRNA sequence in GenBank or FASTA format, it shows three frames (À1, 0 and +1 frames) in the upper left window ( Figure 7 ). It considers one start codon, AUG, and three stop codons, UAA, UAG and UGA, for the three frames. Users are asked to choose from a list of available types of frameshifting (e.g. dnaX type, oaz type, etc.), the sequence size, and whether the search should be performed in the + or À strand during the file open operation. This information is used to determine the method of finding genes in the given sequence. For a bacterial genome with the prfB gene or sequence with the oaz gene, FSFinder first finds a gene in a manner similar to Glimmer (21) . For a full genomic sequence specified as À strand by a user, frameshift sites are found in the reverse complementary sequence. Candidate À1 and +1 frameshift sites are shown below in the three frame views. +1 frameshift signals are set to prfB signals by default, but can be switched to oaz signals using the run menu. If a user specifies a region for detailed examination by the drag and drop operation, the specified region is enlarged in the lower left window. The right window of FSFinder consists of three panels ( Figure 7 ) for selection details, À1 signals, and +1 signals.
The panel for selection details shows the start and stop codons, slippery sequences, pseudoknots and stem-loops ( Figure 7) . The panels for À1 and +1 signal panels show the total number of signals detected in overlapping and non-overlapping regions of the frames, as well as the positions of the signals.
Users can also choose the range of a view using the draw option in the draw menu, and change the stem and loop sizes of a stem-loop or pseudoknot using the find option in the run menu. They can also alternate frames to find frameshift sites in different overlapping frames using the analysis menu. Overlapping frames with the largest ORF (light grey) have the highest probability of containing frameshift sites, and overlapping frames with the second largest ORF (dark grey) have the second highest probability of having frameshift sites (see Figure 8 ). 
RESULTS AND DISCUSSION
We tested FSFinder on 71 organisms with known programmed À1 frameshift mutations obtained from the databases PseudoBase (22) and RECODE (23) . At the moment when this work has been performed, PseudoBase contained 20 eukaryotic viruses, while RECODE had 65 prokaryotes, eukaryotic viruses, bacteriophages, eukaryotic transposable elements and bacterial insertion sequences. The two databases share 14 frameshifts. Each of these organisms and elements has one or two authentic programmed À1 frameshift sites for 27 genes in total.
FSFinder identifies more potential frameshift sites than the approach of Hammell et al. (9) 
In total, 26 frameshift sites in RECODE have simple stemloops as downstream secondary structures, but 5 of these were excluded because PseudoBase assigns them different stimulatory structures or sequences. Eighteen of the remaining 21 frameshift sites were detected by FSFinder while 3 could not be found because their slippery sequences do not conform to the motif X XXY YYZ (Table 1) . It turns out that most of bacterial frameshift sites have the slippery motif X XXY YYG. FSFinder identified 13 such sequences, and these can be classified into two types: A AAA AAG and G GGA AAG.
Searching for frameshift signals in the overlapping region of ORFs is effective in predicting strong candidates for programmed frameshift sites. For example, a total of 582 potential À1 frameshift sites were found in the sequences of the test cases in PseudoBase. Only 40 of these were in overlapping ORFs, and only 21 of the 40 proved to be genuine frameshift sites. FSFinder also identifies frameshift sites in alternative frames. For example, simian type D virus 1 has two slippery sequences G GGA AAC and A AAU UUU in different frames at positions 2058 and 2585, respectively. FSFinder detected two different sites in each of six viruses in RECODE: human T-cell lymphotropic virus type 2, mouse mammary tumor virus, simian type D virus 1, simian retrovirus type 2, simian T-cell lymphotropic virus type 1 and visna virus. Only one alternative site (in mouse mammary tumor virus) could not be identified as it had a different motif (G GAU UUA). FSFinder could not detect the nine frameshift sites marked with 'a' in Table 2 . As mentioned earlier, it only considers frameshift sites resulting in a long product, and those missed are associated with a short product.
We also tested FSFinder on 75 organisms in RECODE with known +1 frameshift cassettes in the prfB gene and oaz genes, and successfully detected 62 out of 75. The reasons FSFinder missed 13 of the sites were as follows. Nine (RECODE19, RECODE34, RECODE35, RECODE37, RECODE44, RECODE52, RECODE64, RECODE67, RECODE369) of the 13 sequences were partial DNA sequences that have a truncated ORF (entire genomic sequences were not available in GenBank), and FSFinder could not find an overlap of ORFs. In three (RECODE9, RECODE14, RECODE21 in Table 3 ) of Tables 2 and 3 summarize the predictions for À1 and +1 frameshift sites, respectively. A total of 68 À1 frameshift sites for 21 genes were predicted correctly, and 10 À1 frameshift sites for six genes were missed. The average sensitivity and specificity of prediction for À1 frameshift sites were 0.88 and 0.97, respectively, using Equations 1 and 2. For +1 frameshifts, FSFinder was intended for two genes. A total of 62 +1 frameshift sites were predicted correctly, and six were missed. The average sensitivity and specificity of prediction for +1 frameshift sites were 0.91 and 0.94, respectively, using Equations 3 and 4. It has higher specificity than sensitivity for both types of frameshifting. 
Frameshift signals in microbial genomes
Escherichia coli release factor 2 (RF2) is a well-known example that utilizes +1 frameshifting (11, 12) , and the role of this frameshifting is widely acknowledged. We extracted 38 bacterial genomes with RF2 genes from GenBank that are not present in the RECODE database and tested FSFinder on them (Table 4) . FSFinder missed 11 frameshift sites in the 38 organisms since their slippery sequences were of the form CUU URA C. The average sensitivity and specificity of prediction were 0.72 and 0.92, respectively (Equations 5 and 6). The sensitivity was lower than that for the RECODE data on +1 frameshifts. In Borrelia burgdorferi B31 (gi:15594346, 910 724 bp), FSFinder predicted a CUUUGAC heptameric sequence in the overlapping region of the ORFs (at position 70 196 in the +1 strand of B.burgdorferi), which corresponds to a known +1 frameshift site in prfB (23) . It also predicted a new À1 frameshift site in the overlap region (at position 428 613). Biochemical experiments to confirm this are in progress.
We compared these predictions with those using randomly generated sequences in which the number of As and Ts were equal to those of Gs and Cs. FSFinder was tested on 10 random sequences of the same length as B.burgdorferi B31. On average, no À1 frameshift site and 0.9 +1 frameshift sites were detected in the overlapping regions of ORFs. These results indicate that À1 frameshift signals are very unlikely to exist by chance in the overlapping regions of random sequences.
For the purpose of comparison, we tested FreqAnalysis (14) on the ORF regions of the five organisms. FreqAnalysis finds various types of motifs in frameshift sites but does not provide information on motif positions and related RNA structures. It finds all potential frameshift sites in both overlapping and non-overlapping regions. In contrast, FSFinder only finds frameshift sites in overlapping regions and provides detailed information on the frameshift sites.
CONCLUSION
Identifying programmed frameshifts is difficult because of their diverse nature, yet it is important to fully understand the underlying mechanisms and to discover new genes. Existing computational models predict too many false positives, or need reference protein sequences together with DNA sequence data from similar organisms. We have developed an algorithm and a program called FSFinder for predicting plausible À1 and +1 frameshift sites in long DNA or mRNA sequences. FSFinder was tested on the DNA sequences obtained from different organisms in RECODE, PseudoBase and GenBank, and it predicted both À1 and +1 frameshift signals with higher sensitivity and specificity than other approaches. FSFinder obtains increased sensitivity by considering most of known potentially relevant components and by searching both + and À strands, and has increased specificity because it focuses on the overlapping regions of ORFs and prioritizes candidate signals. We believe FSFinder will be useful to predict frameshift sites.
The development of FSFinder is not yet complete. The current version is capable of finding X XXY YYZ type of À1 frameshifting and prfB and oaz types of +1 frameshifting. Frameshift signals are very diverse and organism-dependent, so that they cannot be modeled in a single, universal way. FSFinder will be extended in future to find any frameshift site modeled by the user. 
